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Abstract. The study of nearshore wave-induced currents, which play a critical 
role in marine transport, has motivated numerous laboratory experiments, and 
yet, the understanding of cross-shore wave-induced currents under controlled lab-
oratory conditions remains incomplete. For the first time, 3D Particle Tracking 
Velocimetry is applied in a laboratory flume to measure Lagrangian wave-induced 
currents in front of a slope under five different regular wave conditions. The wave-
induced velocity profiles evolve over time, reaching a quasi-equilibrium after 
approximately one hour. In most cases, the observed profiles do not align with 
the theoretical Stokes or conduction solutions. The surface drift is consistently 
smaller than theoretically predicted, and in some cases even negative, indicating 
the presence of a strong Eulerian-mean return current in the upper portion of the 
water column. The observed patterns cannot be explained solely by the relative 
water depth kh and wave steepness ka, leading to the hypothesis that convec-
tion processes contribute to these discrepancies. Further investigation of visually 
observed coherent convective structures, such as vortex trains, will be undertaken. 

Keywords: Stokes drift · Wave-induced currents · PTV · Laboratory flume 

1 Introduction 

In the nearshore zone, extending from the shoreline to a few kilometres offshore, waves 
propagating at the ocean surface generate currents that play an important role in marine 
transport. Modeling marine transport in this area is essential for environmental sciences, 
but it necessitates a thorough understanding of wave-induced currents throughout the 
water column. Most existing models have been calibrated using laboratory flume exper-
iments, which aimed to investigate the relationship between wave forcing conditions 
and the resulting current profiles in both deep and intermediate water depths, in front of 
and over a slope. Despite over forty research studies on this topic, no clear conclusions 
can be drawn and the understanding of cross-shore wave-induced currents in labora-
tory conditions (in front of and over a slope) remains incomplete. The Eulerian-mean
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velocity (UE) profile varies significantly across studies; we can distinguish three types 
of behaviour: a depth-uniform profile [1], a sheared profile [2], and an anti-Stokes pro-
file (i.e., the velocity equals in magnitude but opposite in direction to the Stokes drift 
[3]). These discrepancies remain unexplained, leading to the development of empirical 
models that are limited to representing specific conditions tied to particular laboratory 
experimental set-ups. 

A comprehensive literature review of existing experiments does not reveal any new 
relationships or explanations beyond those already published; however, one potential 
source of the observed discrepancies can be identified in the measurement methods 
used. In the shoaling zone, only five out of twenty-three studies recorded Lagrangian 
velocity, with four of these employing visual techniques (e.g., dye), which are nowadays 
considered relatively imprecise given the developments in measurement technology. In 
studies that measured Eulerian velocity, accurate quantification of Eulerian flow has 
only been performed using point probe measurement techniques, such as Laser Doppler 
Velocimetry (LDV). As a result, a complete velocity profile is effectively an artificial 
representation, constructed over time, unless perfect reproducibility is assumed and 
measurements are taken at the exact same time over multiple repetitions, which is rarely 
the case. However, with the advancement of new measurement technologies over recent 
decades, these limitations can be mitigated, significantly enhancing our ability to track 
particle trajectories accurately and investigate Stokes drift and Eulerian-mean current 
profiles [4]. 

In this study, a laboratory experiment is conducted in which, for the first time, 3D 
Particle Tracking Velocimetry (PTV) is applied to investigate wave-induced currents near 
the shoaling zone. The goal is to compare wave-induced current profile under different 
hydrodynamic forcing to compare with literature and theoretical solutions. 

2 Methodology 

The experiment was conducted in the TU Delft Hydraulic Engineering Laboratory, in 
the 39 m long, 0.79 m wide and 1 m high wave flume. A 1:25 planar slope was installed 
within the flume to facilitate wave dissipation through breaking (Fig. 1). 

Optical access was provided via the glass sidewalls and a bottom glass window posi-
tioned one meter offshore of the beach toe. Fluid velocity measurements were obtained 
using a 3D Particle Tracking Velocimetry (PTV) system from LaVision, which comprises 
a ‘MiniShaker’ apparatus (a box containing four fixed-angle cameras capturing images 
at 100 fps), two LED light boxes, and the ‘Shake-the-Box’ data processing system. The 
3D PTV technique involves illuminating a fluid volume seeded with neutrally buoyant 
particles and tracking these particles in space and time throughout the measurement 
volume. Additionally, an overhead camera was positioned 3.30 m above the still-water 
level to track 4 mm plastic spheres floating on the surface. 

A total of five regular wave conditions were tested (Table 1) in multiple repeats. 
These conditions ensured an intermediate water depth regime at the wave paddle. Each 
trial had a duration of two hours, during which multiple PTV recordings, each lasting 1 
min and 12 s, were acquired consistently at different times. Hundreds of tracks spanning 
multiple wave periods were extracted, from which the Lagrangian-mean velocity (UL)
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Fig. 1. Experimental set-up. The measurement volume is 50x30x15 cm (length, height, depth). 

was computed for each wave, resulting in thousands of velocity data points distributed 
through the water column. The resulting Lagrangian-mean velocity is space-average 
over the measurement volume. 

UL = UE + USD (1) 

Table 1. Wave conditions and theoretical Stokes drift (USD)  at  the  surface  (z = 0). H is the wave 
height, T the  wave  period,  ka the wave steepness, kh the relative water depth, Ur the Ursell number 
and Re the wave Reynolds number. The water depth h = 0.35 m for all conditions.

Wave H [m] T [s] ka [-] kh [-] Ur [-] Re [-] USD(z = 0 ) [cm/s] 

W1 0.10 1.80 0.10 0.71 22 12500 3.3 

W2 0.13 1.40 0.18 0.96 16 22300 7.3 

W3 0.06 1.20 0.10 1.18 5 5000 2.0 

W4 0.07 1.40 0.09 0.96 8 6500 2.1 

W5 0.04 0.85 0.11 2.02 1.1 711 1.8 

Note that the Lagrangian-mean velocity (UL, , where the overbar means ‘wave-averaged’) of a 

fluid parcel is the sum of the Stokes drift (USD) and the Eulerian-mean velocity (UE)  of  the  fluid  
measured at a fixed spatial location [5]: 

3 Results 

3.1 Profile Evolution Over Time 

Figure 2 displays the Lagrangian-mean velocity profile over time for wave condition 
W4. Each blue dot represents a Lagrangian-mean velocity over a single wave period, 
plotted at the mean elevation z of the tracked particle during that period. The red line
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indicates the mean velocity as a function of z, with the 95% confidence interval shown 
as the red shaded area. Note that the high density of points near the mean explains the 
narrow confidence interval. The surface drift, measured with the overhead camera, is 
marked by a purple triangle, and the elevation of the wave trough is indicated by the 
horizontal dashed line. Missing data near the surface and bottom boundaries, due to 
intense light reflection, are interpolated linearly (dotted lines), though this should be 
treated as speculative. The theoretical irrotational Stokes and (rotational) conduction 
solutions [6] are shown as dashed blue and green lines, respectively. 

Fig. 2. Lagrangian-mean velocity measurements through the water column for W4 at t = 5, 10, 
15, 30, 60 and 120 min after the beginning of wave generation. The legend is shown in Fig. 3. 

Figure 2 illustrates the evolution of the velocity profile over time for W4, reaching 
near-equilibrium after 30 min. While the measured velocity profile closely aligns with the 
conduction solution at 15 min, it stabilizes at a profile not represented by either theoretical 
solution. A similar pattern is observed for other wave conditions, with quasi-equilibrium 
always reached after 60 min. A similar amount of time to reach such quasi-equilibrium 
was reported by Russell and Osorio [7]  and  Mei  et  al. [8], for similar laboratory scales 
with a beach slope of 1:10 and 1:20, respectively. The surface drift deviates significantly 
from theory at equilibrium, initially approximating the Stokes solution at t = 5  min  but  
decreasing over time, sometimes becoming negative. Since the Stokes solution is the 
sum of the Stokes drift and a negative depth-uniform Eulerian-mean ‘return’ current (to 
ensure a zero depth-integrated volume flux), the smaller surface drift suggests a sheared 
Eulerian-mean return current, with maximum magnitude in the upper part of the water 
column. Only in deeper water, W5 exhibits a surface drift matching the Stokes solution, 
though the rest of the profile differs notably (Fig. 3). 

3.2 Profile as a Function of kh and ka 

Figure 3 compares the profiles at equilibrium for all wave conditions. Comparing wave 
conditions with similar ka≈ 0.10, but different kh (W1, W3, W4 and W5), the conduction 
solution seems to align with measurements for W1, while neither solution describes
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measurements for the other wave conditions. This is in contradiction with the literature, 
from which it can be concluded that the velocity profile tends towards the Stokes solution 
for kh > 1.8, and towards the conduction solution for 0.7 < kh < 1.8 [7, 8]. It nonetheless 
seems that the profiles become less and less sheared as kh increases. 

For wave conditions W4 and W2, which have the same kh but different ka, both 
profiles are similarly sheared (albeit with different magnitudes). They both experience 
a strong Eulerian-mean return current in the upper layer, which significantly reduces 
the surface drift compared to the Stokes drift (Table 1). We have not considered a large 
enough number of ka-values to draw general conclusions. Nonetheless, Bijker et al. [9] 
and Russel and Osorio [7] found that for both small wave steepness (ka) and relative 
water depth (kh) conditions, the profile gradually changes into a shape where a back 
flow occurs at the surface. Although a similar trend is observed here, the differences 
cannot be explained by the influence of the kh and ka alone. Thus, we expect that other 
processes not accounted for in the Stokes and conduction solution must be involved. 

Figure 3 shows that the Lagrangian-mean velocity profile for W3 is very close to 
zero along the complete vertical, suggesting the Eulerian-mean return current almost 
cancels out the Stokes drift. This was observed in previously performed lab experiments 
[3] without providing clear explanation, also lacking data near the bottom boundary 
layer. These limits drawing clear conclusions, especially as one might expect positive 
velocity in this area due to the boundary-layer streaming occurring in intermediate water 
depth [6]. Nonetheless, the three types of behaviour of the Eulerian-mean return profile, 
as described in Sect. 1, were observed at various points during the experiment. 

Fig. 3. Lagrangian-mean velocity profile at t = 120 min for all wave conditions. W1, W3, W4 
and W5 have a similar wave steepness ka ≈ 0.10 (Table 1). W2 and W4 have the same kh = 0.96. 

4 Conclusion 

For the first time, 3D Particle Tracking Velocimetry (PTV) was employed to acquire 
high-resolution wave-induced current velocity profiles in front of a slope, in a laboratory 
set-up. This direct Lagrangian measurement technique allows for unprecedented spatial
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and temporal resolution flow measurements, circumventing the technical limitations 
inherent in Eulerian methods, such as Laser Doppler Velocimetry (LDV). The time 
required for the velocity profile to reach a quasi-equilibrium state was observed to be 
60 min at the experimental scale. Although the equilibrium time has been documented 
in several studies, it is often overlooked, resulting in the publication of unstable profiles 
that may contribute to discrepancies in the existing literature. It is critical for laboratory 
data used in model calibration to be obtained after the equilibrium has reached, as most 
numerical models generate equilibrium profiles [10]. 

With the exception of W1, which aligns with the conduction solution at equilib-
rium, none of the measured profiles correspond to either of the Stokes or conduction 
theoretical solutions. Note that the conduction solution is theoretically not applicable 
for steep waves, while the Stokes solution is only valid for deep-water where a bottom 
boundary layer is absent. The three distinct types of behaviour of the Eulerian-mean 
return profile were observed at various points during the experiment, suggesting their 
occurrence may not laboratory dependent. However, contrary to the findings reported 
in the literature, no straightforward relationship with kh and ka could be established 
over the range of conditions tested. This indicates that other factors, including processes 
such as convection, must be considered. Coherent vortex structures, visually observed 
during the experiment and similar to those described by Matsunaga et al. [11], which 
are a function of the parameters ka, kh and beach slope, could contribute to some of the 
observed differences. Further analysis will be conducted to explore these interactions. 
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